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Abstract 
Many cities take nearby alluvial aquifers as their main resource of water supply. Therefore the aquifers, especially 
shallow aquifers, are always under either the influence of extreme hydrological events, or the threat of pollutants 
that are generated by the intense urban developments. To ensure an efficient management of water supply regarding 
both quantity and quality aspect, it requires a good knowledge of the dynamics of the aquifer. Characterizing the 
exchanges that could exist with free surface flow in associated rivers is one of the key issues. The most efficient way 
to understand the behaviour of the aquifer is to implement a 3D physically-based hydrodynamic model that can 
represent all physical processes. However, this approach, in order to become an operational tool, requests a 
structured methodology for data integration and validation. In this paper, a 3D hydraulic model of the Var lower 
valley is set up with FEFLOW modeling system. All the important hydrological processes such as precipitation, 
evapotranspiration, river-aquifer exchanges are considered. Despite a very complex and partially known geological 
structure, the results for a simulation of 1266 days demonstrate that the model is able to provide an accurate 
diagnostic on various hydraulic structures that are affecting the aquifer and may induced management difficulties. 
The proposed approach answers the current management demand and can provide efficient support within the 
underground resource exploitation. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of HIC 2016. 
Keywords: 3D modeling, complex alluvial aquifer, river-aquifer exchange, FEFLOW, Var River. 
 
* * Corresponding author. Tel.: +33 615650065. 
E-mail address: mingxuanism@gmail.com 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
eer-review under responsibility of the organizi g committee of HIC 2016
341 Mingxuan Du et al. /  Procedia Engineering  154 ( 2016 )  340 – 347 
1. Introduction 
Groundwater is the primary freshwater source for approximately two billion people all over the world in both 
rural and urban areas [1,2]. The unconfined aquifer is especially vulnerable regarding quantity and quality aspects 
due to its strong connection to the surface water body such as lakes and rivers. Therefore the groundwater 
management emphasizes two major aspects [3,4]:  
x Controlling the quality of the natural water resource: Groundwater pollution can be caused by different reasons 
such as accidental events or floodwater. The prevention of seepage into the aquifer and into the associated river 
and lake is necessary. 
x Maintaining the quantity of water supply: Groundwater depletion can be caused by drought or over-extraction. 
The prevision of reaction plans for such circumstances needs to be considered. 
Hence, understanding the groundwater flow dynamics as well as the exchange between the river and its aquifer is 
a key issue for the long-term water management regarding the two aspects. For this purpose, deterministic hydraulic 
model is a reliable tool to ensure an efficient groundwater management.  
1.1. The Var river valley 
Located in the southeast of France (Fig. 1.a), the lower Var river valley is the downstream section of the Var 
catchment, which has a total area of 2893 km2. The lower Var river drains water from the mountainous sub-
catchments to the Mediterranean sea [5,6]. According to the measurement of discharge at the gauging station at weir 
n° 1 (Fig. 1.a) from 1973 to 2016, the yearly average discharge of Var river is 50 m3/s while the highest 
instantaneous discharge is observed during flood of November 1994, which reached 3750 m3/s [6,7].  
 
 
Fig. 1. (a) Study area: the lower Var river valley; (b) Land use map and the pumping stations of lower Var river valley. 
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The groundwater in the unconfined alluvial aquifer is a main water resource for around 600000 inhabitants who 
live in the cities and towns near the river mouth such as Nice and St Laurent du Var [8]. Groundwater is used for 
industrial, agricultural and domestic consumption. The annual groundwater extraction by public pumping stations 
(Fig. 1.b) is around 50 million m3 according to the statistical results of recent years [9]. Field surveying indicates that 
the depth of groundwater table varies from 5 to 16 m along the valley. A Previous study has demonstrated that the 
shallow aquifer interacts strongly not only with the river, but also with the conglomerate bedrock underneath the 
alluvium [10].  
1.2. Challenge of water management in Var river valley 
Since the beginning of the 19th century, human activities have been changing the topography of Var river valley. 
Urbanization of this area has induced increasingly need for constructed area so that land has been reclaimed from 
river flood plain. The morphology of the river has been reshaped and the riverbed is strictly narrowed by artificial 
embankments. Nowadays, the width of riverbed varies from 150 to 280 m, while the width of natural flood plain is 
from 600 to 1500 m. This led to an increase of the water velocity, thus erosions were gradually happened and 
observed in many places along the river. Because of the strong connection between the Var river and its aquifer, 
groundwater table withdrawal has been reported. In 1967, the most severe shortage of groundwater happened in the 
valley, the groundwater table was 8 m below its static level. In order to decrease the erosion on the riverbed so as to 
maintain the groundwater level, weirs were built on the riverbed since 1971. By the end of 1986, 11 weirs were 
finally constructed in different cross sections of the river (Fig. 1.a).  
On the other hand, the industrial zone and agricultural zone are located on the upstream area of the river while the 
urban area and some main pumping stations are on the downstream river mouth (Fig. 1.b). For the local inhabitants, 
there is a potential threat of pollution caused either by industries seepage or by agricultural contaminants.  
Several studies have been carried out in order to understand the groundwater flow and the river aquifer exchange 
in order to help the decision-maker on groundwater management. Guglielmi [9] studied the hydraulic conductivity of 
the Holocene alluvium and the Pliocene conglomerate as well as other hydrogeological characteristics. He applied 
instantaneous iso-contour map of the groundwater level to infer the direction of river-aquifer exchange in different 
sections of the valley. Likewise, the same method has been used by Guglielmi and Mudry [11], Emily et al. [12] to 
describe groundwater flow of the lower Var river valley on different hydrological periods. Potot et al. [8] used trace 
element analysis along the valley and proved the groundwater exchange between the alluvium and the conglomerate. 
These studies complete the knowledge of the function of the aquifer. Nevertheless, the methods used in these studies 
demonstrate a lack of continuity over time. The result, however, indicates only qualitatively the instant direction of 
the exchange, which is less applicable by the water management services. 
Knowing that the groundwater management in lower Var river valley faces these challenges, the local water 
service department has an urgent demand of a physically-based hydraulic model of groundwater flow. The model 
should be able to consider all the important physical processes of groundwater flow such as precipitation recharge, 
evapotranspiration, groundwater exploitation and river-aquifer exchange etc. This model should also be validated by 
a long period simulation so that the reliability is ensured.  
2. Methodology 
2.1. Governing equations 
FEFLOW modeling system is used to set up the numerical model. It solves the water continuity equation and 
Darcy equation in porous media with finite element method [13]. The governing equations are written in the form: 
ܵ௦ ή ݏሺ݄ሻ
డ௛
డ௧ ൅ ߝ
డ௦ሺ௛ሻ
డ௧ ൅ ߘࢗ ൌ ܳ  (1) 
ݍ ൌ െܭ௥ሺݏሻࡷ൫ߘ߰௚ ൅ ߯ࢋ൯  (2) 
where,߰௚ ൌ ݄ ൅ ݖ  is the hydraulic head (m), ݖ  is the elevation (m), ݄  is the pressure head (m), ݏሺ݄ሻ  is the 
saturation, (ݏ = 1 if medium is saturated), ࢗ is the Darcy flux vector (m/s), ܳ is the specific mass supply (m/s), 
ܵ௦ ൌ ߝߛ ൅ ሺͳ െ ߝሻߓ is the specific storage due to fluid and medium compressibility, ߝ  is the porosity, ߛ is fluid 
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compressibility, ߓ is the coefficient of skeleton compressibility, ܭ௥ሺݏሻ is the relative hydraulic conductivity, (0 < 
ܭ௥< 1, ܭ௥  = 1 if saturated at ݏ = 1), ࡷ is the hydraulic conductivity for the saturated medium, ߯ is the buoyancy 
coefficient including fluid density effects, ࢋ the gravitational unit vector. 
The exchange flux between river and unconfined aquifer is calculated in the form of Cauchy-type boundary 
condition at each time step [14], which is written as:  
ݍ௡ ൌ ܣ߮ሺ߰௦ െ ߰௚ሻ  (3) 
where ݍ௡ is the normal Darcy flux of fluid, ߮ is the transfer rate which is related to the porous media’s property, 
߰௦ (and respectively ߰௚) is the hydraulic head of surface water (and respectively groundwater). 
2.2. Model domain and geological layers 
The model domain is delimited by the border of permeable layers and the geological faults. All the precipitated 
water contributes to recharge the unconfined aquifer in the valley. The northern boundary starts at the weir n° 16 
which is also the beginning of the lower valley. The southern boundary is the coastline at the Mediterranean sea. By 
this means, the hydraulic head measured in a piezometer at weir n° 16 and the average sea level are used as upstream 
and downstream boundary condition of the model (Fig. 2.a).  
The vertical range of the model includes six layers: recent alluvium, alluvial terraces, Pliocene conglomerate, 
Pliocene marls, impermeable layer from Miocene to Cretaceous, and the Jurassic limestone. The hydraulic 
conductivity of recent alluvium is obtained from previous field work in the valley. The measured values are 
interpolated and used directly as an input data. As for the other layers, uniform values are used for the whole layer 
due to their minor importance regarding the groundwater flow in shallow aquifer. Guglielmi [10] has measured the 
hydraulic conductivity of conglomerate at one drilling test well, thus a K=2.6h10-6 m/s is obtained. As for the other 
soil and rock layers, only empirical values are used (Fig. 2.b). 
 
  
Fig. 2. (a) Model domain delimitation (red contour) according to the map given by Emily et al. [12]; (b) Hydraulic conductivity of different 
geological layers. 
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2.3. Source and sink terms 
Direct water charge, exchange with river and water extraction are considered as the predominant source/sink 
terms that may have a strong impact on the groundwater flow (Fig. 3). These terms are the most influential factors 
for this hydraulic model, hence, the raw data used to generate the input files need to be validated before the setup of 
the model in order to ensure the accuracy of the model. 
 
 
Fig. 3. Boundary conditions and source/sink terms considered in the 3D model. 
Direct water charge depends on precipitations, land use and actual evapotranspiration (AET). The recharge 
quantity for each time step is estimated as the equation below: 
 ܳ ൌ ߙ ή ܲ െ ܣܧܶ  (4) 
where the ܳ is the direct recharge (mm), this value is positive if the groundwater is being recharged, negative if 
there is a withdrawal, ߙ is the percentage of the surface permeability estimated according to the land use information, 
ܲ is the precipitation depth (mm), AET is actual evapotranspiration (mm). Many methods have been proposed to 
calculate the AET, however, most of them require a huge database of field measurement. In this case study, a 
simplified Thornthwaite formula based on water balance method [15] is used to estimate the AET due to the 
availability of measured data. 
As mentioned in the previous section, the equation (3) is used to calculate the exchange flux between the river 
and the aquifer. The river water level ߰௦ which is prescribed in the model is a simulation result from a calibrated 1D 
model. The transfer rates ߮௜௡  and ߮௢௨௧  are unknown because it is too difficult to have a direct measurement. 
Therefore this parameter is calibrated after a sensitivity analysis.  
The groundwater exploitation in the lower Var river valley is authorized by the water management service. 
Several pumping stations have been built since decades so as to meet the demand of the domestic water consumption. 
The volume of production of these pumping stations is well documented. The manufacturing companies have their 
own pumping wells. Their annually water consumption is recorded and published regularly by the regional water 
agency. For the agricultural water uses, even though private pumping wells are authorized for agriculture activities, 
however, the pumping volume is never recorded neither by the landowners, nor by the water management services. 
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To estimate this value, it is assumed that the withdrawal of groundwater table on the farmland is totally caused by 
water pumping for irrigation purpose, and the water is then totally evaporated by the crops. Consequently, the flux of 
water pumped on unit area can be estimated by the gradient of the groundwater level-time graph, which is -0.015 
m/d on this area, where the minus sign is used to indicate that the aquifer is losing water. This value is assigned on 
the agricultural zone in the model. 
3. Model validation results 
The model is validated by a simulation from September 10th 2009 to February 26th 2013, a total of 1266 days. It 
contains two important events: a flood happened on November 2011, followed by a drought on July and August 
2012. The equivalent return period of the flood equals to 10 years according to Gumbel law and that of drought 
equals to 20 years according to the Galton law. Considering the exchange between the river and aquifer will be 
intense during the flood peak, the time step is set to be variable to ensure the accuracy of the result and the stability 
of the numerical calculation. 
There are currently 24 piezometers with automatic recorder which have been set up to monitor the daily 
groundwater level along the valley, 6 of them have been chosen to validate the model thanks to their fully digital 
recording during the simulation period. Their location enables a holistic view from the upstream to the downstream 
(Fig. 4). The simulation results are shown with the measured data in Fig. 5. 
 
 
Fig. 4. Location of piezometers that are used for model validation. 
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Fig. 5. Comparison between the simulated and the measured groundwater level. 
It can be read that the trend of simulated results and measured data is identical with each other. The simulated 
results are able to present the seasonal fluctuation which is typical in the Mediterranean region. The Nash–Sutcliffe 
model efficiency (NSE) coefficient [16] is calculated to evaluate the model. Tab. 1 presents that the model is able to 
give a good result especially in the section without weir. As can be seen from the comparison between the PS9AM 
(next to the weir) and P15 (far from the weir), the model gives more satisfying result on the place far away from a 
weir. It is thus inferred that the infrastructure of the weir change the hydraulic conductivity and effective porosity of 
the soil, and apparently this effect is not considered in this model. The model miscalculates the result at P16 during 
summer time. This can be explained by the rough estimation of water extraction in this complex area.  
Compare to the observed groundwater level, the peak values are underestimated by the model. This difference 
can be explained by the inaccuracy of the input discharge of 1D river model, which uses the daily average discharge 
as the boundary condition. When a flood peak occurs, its duration lasts merely few hours. So the daily average 
discharge is much less than the instantaneous one. Therefore the water level assigned in groundwater model is much 
lower than the reality. This underestimation leads to the inaccuracy of the peak calculation.  
Table 1. NSE coefficient of the model validation. 
Piezometer Location characteristics NSE coefficient 
P38 Urban zone, without weir 0.94 
PS9AM Industrial zone, weir n° 9 0.66 
P15 Agricultural zone, weir n° 5  0.75 
P16 Agricultural/industrial/urban zone, weir n° 2 (demolished) 0.56 
P36 Urban zone, without weir 0.86 
P4b Urban zone, without weir 0.77 
4. Discussion and conclusion 
A 3D hydraulic model has been set up based on groundwater flow equation. The validation was carried out in the 
lower Var valley study case. The results of this study has shown that this model is able to represent the dynamics of 
the groundwater flow by considering direct water recharge, river-aquifer exchange as well as the groundwater 
extraction. Consequently, the model can be used as a groundwater management tool to help the decision makers 
arrange for plans for regular operation or for extreme circumstances. 
This study confirmed that, for a deterministic model, the quality of the results depends on the accuracy of the 
input data. The inaccurate input data are the main source of uncertainty of the model, for example, the 
underestimation of the peak flow is due to the lack of instantaneous discharge. Accordingly, more data should be 
collected for the model application such as scenarios simulation. The second finding is that the complexity of the 
land use in the lower Var valley requires a more accurate estimation of certain input data. In this validation case, the 
surface permeability and agricultural water use are respectively estimated based on land use information and 
347 Mingxuan Du et al. /  Procedia Engineering  154 ( 2016 )  340 – 347 
recorded groundwater level. For further study, this can be improved by introducing a more detailed investigation of 
water consumption and a more precise representation of land use on complex area such as the location of P16.   
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